Introduction
The Grenville Front is one of the most prominent tectonic features of the eastern Canadian Shield (Wynne-Edwards 1972; Rivers et al. 1989) , extending from the coast of Labrador to the shores of Lake Huron, and beneath younger cover at least as far south as Ohio (e.g., Culotta et al. 1990 ). Typically marked by moderately to steeply dipping, NW-verging thrust faults and associated mylonite zones (e.g., Davidson 1986a Davidson , 1986b Owen et al. 1988) , it separates rocks deformed and metamor- not a suture since distinctive rock units can be traced across it for up to -200 km (e.g., Rivers et al. 1989 ). Kinematic indicators indicate NW-directed thrusting along the entire length of the Grenville Front, but the timing of this deformation is not generally well defined and may differ from place to place. U-Pb geochronologic data indicate that a significant event affected rocks of the GFTZ at -980-1000 Ma (e.g., Krogh 1989 Krogh , 1991 Childe et al. 1992) , although samples from close to the Grenville Front generally show a high degree of discordance and/or inheritance, or may even lack significant Grenvillian overprinting. In some places pre-Grenvillian metamorphic assemblages are relatively unaffected for a few kilometers within the GFTZ, and in many places high-grade metamorphism can be shown to pre-date the Grenvillian orogeny. These effects can vary along strike, even in fairly small areas where the overall trend of the Grenville Front does not change significantly (e.g.,
Indares and Martignole 1989).
A major problem in Grenvillian geology is thus to reconcile the similarities in the orogen-scale features of the Grenville Front and GFTZ with considerable local variation in detail. What is the reason for the dramatic change in metamorphic grade over such a short distance? Were the high-grade rocks metamorphosed during the Grenvillian orogeny, or simply exhumed by Grenvillian deformation? In either case, what tectonic process is responsible for producing this effect along much of the northwestern boundary of the orogen? Understanding the timing of deformation, metamorphism, and exhumation in the GFTZ is central to answering many of these questions. This paper reports U-Pb and 40Ar/39Ar dates from a transect across the western half of the GFTZ near Killarney, Ontario, along the north shore of Georgian Bay (figure 1; part of the Beaverstone terrane of Rivers et al. 1989 ). The area is well exposed and relatively accessible, with good geological and geochronological control both within the GFTZ (Davidson 1986a; Davidson and Bethune 1988; Bethune 1989) and to the south along Georgian Bay (e.g., Culshaw et al. 1988 Culshaw et al. , 1991a . GLIMPCE seismic reflection profile "J" (Green et al. 1988 ) imaged deep crustal structure along strike -75 km southwest of the study area.
The goal of the study was to document the thermal history of the GFTZ for comparison with metamorphic and thermochronologic data from the Central Gneiss Belt and elsewhere in the GFTZ, and to constrain tectonic models for the GFTZ within this part of the Grenville orogen.
Geological Setting
The study area includes three major geological Ma pegmatites (Krogh 1971; Davidson 1986b ) and the 1238 Ma Sudbury diabase dike swarm (Krogh et al. 1987; van Breemen and Davidson 1988 . Grenvillian metamorphism produced garnet + orthopyroxene-bearing assemblages in 1238 Ma Sudbury database dikes at -1032-985 Ma (Bethune et al. 1990; Bethune 1991; Bethune pers. comm. 1992 (1973, 1982) and Schairer et al. (1986) . Ma. There is a strong correlation between degree of discordance and distance from the Grenville Front, with data plotting near the upper intercept coming from samples closest to the Front (inset, figure 3 ).
In the case of sample TK83-40, the only sample from which both zircon and titanite were obtained, the zircon data plot close to the upper intercept, and the titanite data plot close to the lower intercept (TK83-40Z and TK83-40a respectively, figure   3 ). Sample 91ND-91B, from the southeastern end of Beaverstone Bay, plots 0.25% below the concordia curve at 975 ± 3 Ma (figure 3). The upper intercept is consistent with both the age of granulite facies metamorphism (Krogh 1989; Bethune et al. 1990; Ketchum et al. 1992) thermal effects of intrusion. In the western Norwegian Caledonides, U-Pb data from 38 titanites from orthogneisses lie on a single discordia line along which discordance and metamorphic grade are strongly correlated (Tucker et al. 1987; Tucker 1991) . The inferred duration of the metamorphic event responsible for the discordance was ~4 m.y.
The results of these studies suggest that discordance arrays are caused by brief, primarily thermal events, although strain-induced recrystallization may facilitate lead diffusion (Tucker et al. 1987 ). This type of array does not represent closure in response to slow cooling, because evolution of U-Pb systems wholly or partly open to diffusion for any duration will not produce a colinear array (Tucker et al. 1987) , and simple cooling could not explain the zircon and titanite data from sample TK83-40.
By analogy with these interpretations, we sug- Samples nearest the Grenville Front (GF-32H
and CI-37H) yielded discordant spectra without age plateaus. For CI-37H, the 37Ar/39Ar ratio inferred from microprobe-determined Ca and K concentrations is higher than the measured isotope ratios (figure 4). In thin section, hornblende is altered along cleavage planes and fractures to an unidentified cryptocrystalline brown phyllosilicate and locally intergrown with biotite. Either feature could be responsible for the apparent K enrichment and/ or Ca loss. For GF-32H, the agreement between measured and inferred 37Ar/39Ar ratios is much better. In spite of these differences, the total gas ages of the two samples are very similar at -1200 Ma. at -980 Ma, the time of the proposed thermal episode. This is in contrast with the complete loss observed farther east and consistent with the observed pattern of titanite discordance.
Sample GF-8H, from Mill Lake in the central part of the transect, has a broad U-shaped spectrum typical of hornblendes that contain excess argon (e.g., Harrison and McDougall 1981) . In the present case, however, the apparent 37Ar/g9Ar ratios ( figure   4 ) suggest that the initial and final high ages are not produced by the principal hornblende phase in the rock. In ideal circumstances, excess argon can be detected and its effect removed using the isotope correlation method (Roddick et al. 1980) . highest extraction temperatures, a common pattern in K-feldspar spectra from the Grenville Province (Hanes et al. 1988; Culshaw et al. 1991b; Cosca et al. 1991) and elsewhere (e.g., Lovera et al.
1989).
We have interpreted our data using multidomain diffusion theory (Lovera et al. 1989 Harrison et al. 1991) , which assumes that argon in K-feldspar is released from discrete sets of domains differing in size and possibly also in activation energy. To accompany the apparent age spectra, Arrhenius plots based on the 39Ar step-heating data were calculated for all four samples (figure 6). In order better to define the Arrhenius plot, one point was produced by "cycling" , that is, by reducing the temperature by about Sample CI-20K, about 3 km west of these two, has a distinctly different age spectrum (figure 6).
There is no evidence of the -600 Ma overprint, and the maximum age attained is much lower at -935 Ma. This peak age, reached relatively early in the spectrum, is followed by values which decrease to -900 Ma, in contrast to the patterns ob- 
Thermal History
The thermal history of the GFTZ at the eastern end of the transect (Mill Lake-Beaverstone Bay) is depicted in figure 7 . Tucker et al. (1987) showed that lead diffuses in titanite at temperatures as low as 480°C, and that complete resetting occurs between 575 and 640°C, even for very brief heating. at 990 Ma; the associated uncertainties in these data (figure 7) reflect the sensitivity of the leastsquares minima to changes in model parameters.
The younger of the two, GF-35K (340°C at 960 Ma) was a cleaner separate and also produced a better fit of model to observed age spectra (figure 6); we therefore regard the results from this sample as the more reliable. For CI-20K, the best-fit models tend to give relatively high values for closure temperature and cooling rate (e.g., -350 ± 30°C at 15/ m.y.), apparently inconsistent with the relatively low model age (900 Ma). Since the shape of the age spectrum for this sample (figure 6) is not that of a single stable feldspar phase that has undergone slow cooling, and therefore violates the criteria on which these model calculations are based (e.g., Lovera et al. 1989) , we conclude that a cooling rate cannot be determined for this sample and that the closure temperature can only be approximated (figure 7).
Between Mill Lake and the Grenville Front, temperature was high enough to induce some discordance in titanite, but not high enough to fully reset hornblende. Biotite shows the effects of excess 40Ar, and muscovite and K-feldspar were fully reset. Although a T-t history cannot be determined on the basis of these data, it is unlikely that temperature exceeded 500°C for any significant period, and could have been below 500°C if resetting of isotopic systems in this part of the transect was enhanced by strain (e.g., Desmons et al. 1982; Berry and McDougall 1986) .
The data (notably coexisting titanite, hornblende, and K-feldspar from sample GF-35) show that the region between Mill Lake and Beaverstone
Bay cooled rapidly from peak temperatures of -600C to temperatures of --350°C, before slowing to --~ l°C/m.y. ( figure 7 ). This pattern contrasts with the cooling histories from the Britt domain, 30 to 80 km southeast of the study area (Culshaw et al. 1991b) , and the Central Gneiss Belt (Cosca et al. 1991) , which both show much lower cooling rates over the interval 500-300°C (figure 7). Although these studies were based on regional sample distributions, and thus may not have detected variations in cooling rates over small areas, it is more likely that the contrast in cooling rates is a real effect related to the different tectonic settings-orogenic front vs. orogenic interior. Preliminary data from the GFTZ immediately east of the transect (Grant 1993) indicate that the zone of rapid cooling may not extend east of Beaverstone Bay. What process could produce the brief thermal pulse (necessary to explain the titanite data) followed by very rapid cooling in this part of the GFTZ without producing similar effects in the interior of the orogen?
Tectonic Interpretation
The thermal history shown in figure 7 suggests that the rocks now exposed along the Collins Inlet transect were heated briefly to temperatures of 500-600°C at 978 ± 13 Ma and cooled rapidly through ~350°C. The absence of any intrusions in this part of the GFTZ between 1238 Ma and 590
Ma rules out magmatic heat as the source of the disturbance. Metamorphism of the Sudbury diabase in the GFTZ 30 km northeast of the study area suggests peak P-T conditions of ~580-780°C and 3-8 kbar were achieved at -1032-985 Ma (Bethune et al. 1990; Bethune 1991) . Structural and seismic data indicate a tectonic regime dominated by NW-directed thrusting (Davidson 1986a (Davidson , 1986b Davidson and Bethune 1988) , with SEdipping reflectors coincident with the GFTZ extending into the lower crust along strike from the study area (Green et al. 1988) . It therefore seems reasonable to assume that the thermal disturbance and subsequent rapid cooling were related to tectonic processes associated with thrusting.
Geodynamic models of convergent orogens (Beaumont et al. 1992; Willett et al. 1993) suggest that detachment and underthrusting (subduction) of the lower lithosphere at the crust-mantle boundary creates a pair of step-up shear zones ( figure 8a) and associated mechanical wedges, one facing toward the "fixed" foreland ("retro-wedge"), and one facing into the direction of material transport ("pro-wedge"). As convergence proceeds, the mod- to stop propagating into the foreland. The type of crustal structure predicted by the models bears a remarkable resemblance to the structure of the GFTZ shown on GLIMPCE seismic profile "J" (Green et al. 1988; fig. 20 of Beaumont and Quinlan 1993) . These data are best interpreted in terms of a shortlived thermal event that increased in intensity from west to east away from the Grenville Front.
The data preclude any event producing temperatures above 500°C between 1450 and -980 Ma. 
